Calcineurin heterodimer, comprised of the catalytic (CnaA) and regulatory (CnaB) subunits, localizes at the hyphal tips and septa to direct growth, septation, and disease in the human pathogen Aspergillus fumigatus. Here we discovered a novel motif (FMDVF) required for this critical CnaA septal localization, including residues Phe368, Asp370 and Phe372 overlapping the cyclosporine A-cyclophilin A-binding domain, CnaB-binding helix and the FK506-FKBP12-binding pocket. Mutations in adjacent residues Asn367, Trp374, and Ser375 confer FK506 resistance without impacting CnaA septal localization. Modeling A. fumigatus CnaA confirmed that the FMDVF motif forms a bridge between the two known substrate-binding motifs, PxIxIT and LxVP, and concurrent mutations (F368A D370A; F368A F372A) in the FMDVF motif disrupt CnaA-substrate interaction at the septum.
Calcineurin heterodimer, comprised of the catalytic (CnaA) and regulatory (CnaB) subunits, localizes at the hyphal tips and septa to direct growth, septation, and disease in the human pathogen Aspergillus fumigatus. Here we discovered a novel motif (FMDVF) required for this critical CnaA septal localization, including residues Phe368, Asp370 and Phe372 overlapping the cyclosporine A-cyclophilin A-binding domain, CnaB-binding helix and the FK506-FKBP12-binding pocket. Mutations in adjacent residues Asn367, Trp374, and Ser375 confer FK506 resistance without impacting CnaA septal localization. Modeling A. fumigatus CnaA confirmed that the FMDVF motif forms a bridge between the two known substrate-binding motifs, PxIxIT and LxVP, and concurrent mutations (F368A D370A; F368A F372A) in the FMDVF motif disrupt CnaA-substrate interaction at the septum.
Keywords: Aspergillus fumigatus; calcineurin; FK506; LxVP motif; PxIxIT motif; septum Calcineurin is a critical phosphatase required for hyphal growth and virulence in Aspergillus fumigatus [1, 2] . As a heterodimer with a catalytic (CnaA) and regulatory (CnaB) subunit, it is activated by calmodulin [3] . CnaB binds to CnaA at the hydrophobic CnaB-binding helical region (CnBBH) between the catalytic domain and the calmodulin-binding domain (CaMBD) [3, 4] . Calcineurin is the target of immunosuppressive drugs tacrolimus (FK506) and cyclosporine A (CsA) that bind to CnaA in proximity to the CnBBH in the presence of their respective immunophilins, FKBP12 and cyclophilin A, causing calcineurin inactivation [5] . To date, the only well-characterized motifs involved in calcineurin interaction with its substrates are the PxIxIT and LxVP motifs [6] [7] [8] [9] [10] [11] . Recently, the mode of inhibition of calcineurin by the African swine fever virus protein A238L revealed how the immunosuppressants bind to LxVP sequences to inhibit substrate dephosphorylation without occupying the active site, paving the way for designing new calcineurin inhibitors [12] .
The current antifungal armamentarium against deadly invasive fungal infections has limited effectiveness. The potential of exploiting the calcineurin signaling network as a novel antifungal target is yet to be harnessed [13, 14] . Calcineurin's importance for cellular processes, including growth, sexual development, pathogenesis, and stress-dependent regulation, has been documented in multiple fungi [15] [16] [17] [18] [19] [20] . Hyphal growth is Abbreviations CaMBD, calmodulin-binding domain; CnBBH, CnaB-binding helical region; CsA, cyclosporine A; GMM, glucose minimal medium. required for invasive fungal disease, and our previous studies demonstrated that calcineurin regulates hyphal growth by localizing on either side of the hyphal septum as a disk around the septal pore [21] . We also demonstrated that CnaA septal localization is independent of CnaB-binding [22] . Generation of catalytic null mutants revealed that localization and activity of the calcineurin complex at the hyphal septum is indispensable for hyphal extension [22, 23] . Mutation of the PxIxIT-substrate-binding motif residues Asn352, Ile353, and Arg354 (352NIR354) in the substrate recognition b strand of CnaA demonstrated that CnaA localizes at the septum through binding to other protein(s) [23] . Identification of other functional domains required for calcineurin septal localization would provide important clues towards the modality of its interaction at the hyphal septum and be useful for designing novel fungal-specific inhibitory strategies.
Results and Discussion
The FMDVF motif is required for localization and function of CnaA at the hyphal septum
The PxIxIT-binding NIR residues (Asn352, Ile353, and Arg354) in CnaA are adjacent to the CnBBH and are part of the CsA-cyclophilin A-binding domain (Fig. 1A) . Although mutagenesis studies on the calcineurin catalytic subunit from humans and Saccharomyces cerevisiae revealed the importance of Val371, Phe372, Phe378, Val379, and Met386 (amino acids numbered as per A. fumigatus CnaA) for CnaB binding [24, 25] , the functionality of other residues present upstream and in proximity have never been examined.
To investigate the importance of conserved residues within the CnBBH overlapping the FK506-binding and CsA-binding domains, we performed single and simultaneous mutations of the Phe368, Asp370, and Phe372 residues in the FMDVF motif (underlined). In comparison to the wild-type strain (akuB KU80 ), strains expressing the individual mutations (CnaA-F368A or CnaA-D370A) showed a 40-50% reduction in radial growth ( Fig. 1B; upper panel) . However, simultaneous mutation of two residues (CnaA-F368A D370A or CnaA-F368A F372A) resulted in severe growth inhibi- tion (75%), with maximal growth reduction (87%) in the CnaA-F368A F372A strain ( Fig. 1B ; lower panel). While the single mutation strains did not show any significant variations in hyphal morphology ( Fig. 1C ; upper panel), the double mutation strains had blunted hyphal tips with irregular branching ( Fig. 1C ; lower panel). This blunted phenotype resembled the phenotype of calcineurin deletion, indicating the likelihood of complete loss in calcineurin function is due to these double mutations.
Because these mutations differentially affected hyphal growth and morphology, we next visualized the localization pattern of the respective mutated calcineurins. Mutation of single residues Phe368 (CnaA-F368A) or Asp370 (CnaA-D370A) did not impact septal localization of CnaA ( Fig. 2A; upper panel) . Surprisingly, while the double mutation CnaA-F368A D370A resulted only in partial or aberrant septal localization, the CnaA-F368A F372A double mutation caused complete mislocalization of CnaA from the hyphal septum ( Fig. 2A ; lower panel). In the CnaA-F368A D370A mutation, 65% septa showed aberrantly localized CnaA and 15% of the septa did not show any CnaA septal localization. Complete mislocalization due to the CnaA-F368A F372A mutation indicates a loss in binding of calcineurin to its substrate at the hyphal septum. Stable expression of the respective mutated proteins was confirmed by Western analysis (Fig. 2B) . Furthermore, comparative sequence analysis of this region across eukaryotes indicated conservation of the FMDVF residues, revealing their importance for CnaA function (Fig. 2C) .
Previously we showed that mutation of Val371 (V371D) adjacent to Asp370 (Fig. 1A) completely abolished hyphal growth due to inhibition of interac- tion of CnaA with CnaB and subsequent reduction in calcineurin activity. However, the V371D mutation did not affect CnaA septal localization. Mutations in Asp370 and Phe372, along with other residues Phe378 and Val379 (residues numbered as per A. fumigatus CnaA), have also been shown to abolish CnaB-binding in the yeast and mammalian systems [26] . It remains to be determined if mutation of Phe368 also has any impact on the interaction with CnaB.
Mutations in proximity to the FMDVF motif confer FK506 resistance with no impact on CnaA septal localization
To further characterize the importance of other residues present in proximity to the FMDVF motif for septal localization and function of CnaA, we mutated the adjacent residues Asn367, Trp374 and Ser375 to Asp (N367D), Leu (W374L), and Thr (S375T) respectively. Initial growth screens did not indicate any defects compared to the akuB KU80 strain ( Fig. 3A ; upper panel). Moreover, septal localization of CnaA remained unaltered (data not shown), indicating that these mutations do not interfere with substrate binding and functionality of CnaA in vivo. Because the residues mutated were in the FK506-FKBP12-binding domain, we next verified the susceptibility of these strains to FK506. Interestingly, while the CnaA-W374L and CnaA-S375T strains exhibited complete resistance to FK506, the CnaA-N367D strain was only partially resistant ( Fig. 3A; middle panel) . The strains were also examined for susceptibility to CsA, another calcineurin inhibitor ( Fig. 3A; lower panel) , but none of the mutated strains displayed any CsA susceptibility differences compared to the akuB KU80 strain. To reconfirm the differential resistance observed following FK506 treatment, strains were cultured in RPMI liquid growth medium. While the CnaA-N367D strain was slightly more tolerant to FK506 than the akuB KU80 strain, the CnaA-W374L and CnaA-S375T strains did not show any growth inhibition (Fig. 3B) . Together these results indicated that the Asn367, Trp374, and Ser375 residues are required for binding to the FK506-FKBP12 complex, and therefore mutations in these residues confer FK506 resistance. Because the Phe368, Asp370, and Phe372 residues are adjacent to the Asn367, Trp374, and Ser375 residues, we also verified if the FMDVF motif mutants exhibited resistance to FK506. All the FMDVF motif mutants were equally susceptible to FK506 (Fig. 1C) , indicating that the mutant proteins are able to interact with the FK506-FKBP12 complex and be inhibited by FK506.
FMDVF motif forms a bridge between the PxIxITand LxVP-binding motifs
To understand the significance of the mutations and how they relate to the structure of calcineurin complexed with a substrate, we utilized the structure of human calcineurin A bound to the African swine fever virus protein A238L (PDB 4F0Z) [12] and modeled the functional motifs of A. fumigatus CnaA (Fig. 4A) . Based on this model, the portion of the CnaA protruding helix, designated as the 'a-tower', provides the docking surface for CnaB, creating the LxVP interface for binding the substrate or the peptide regulator (Fig. 4B) . The LxV portion of the regulator peptide motif interdigitates with the conserved F378 and W374 residues located on the a-tower and packs against Y363 (Fig. 4C) . This is the same binding locale of FK506, explaining the competitive modality of inhibition (Fig. 4C) . Although the FK506-FKBP12-binding region overlaps the LxVP substrate-binding motif, we did not observe mislocalization of CnaA in the presence of FK506, raising the possibility of the FMDVF motif residues being directly involved in CnaA-substrate interaction at the septum. The PxIxIT-binding interface is located on the opposite side and interacts with the NIR signature sequence (Asn352, Ile353, and Arg354) of CnaA and forms an extended b-sheet (Fig. 4D ). Both the LxVP and PxIxIT substrate-binding motifs interact with sites on CnaA that reside on the same linear stretch of residues, spaced only 20 amino acids apart (Fig. 4A,B) . This architecture directly links the a-tower to the NIR site. Bridging these sites together is our newly identified FMDVF motif that possibly forms the foundation for orienting the a-tower (Fig. 4E) . We therefore speculate that mutations in the FMDVF motif, specifically the CnaA-F368A F372A double mutation, likely disrupts the overall organization of the a-tower relative to the rest of the globular CnaA domain, which in turn affects interaction with the LxVP and PxIxIT motifs as well as localization of CnaA to the hyphal septum. This hypothetical conclusion based on our modeling should be confirmed experimentally by expressing the mutated form of CnaA and analyzing its structure in comparison to the native CnaA protein.
While previous studies have reported that Thr373, Leu376, and Lys382 (residues numbered according to A. fumigatus CnaA) are also critical for FK506-FKBP12 binding [26] , a recent study in Mucor circinelloides showed that mutations in CnaA residues Asn367, Trp374, and Ser375 confer FK506 resistance by altering the interactions between calcineurin and immunophilin-inhibitor complexes [27] . In this study, we have discovered a novel FMDVF motif responsible for septal localization and function of calcineurin. Based on our mutational analyses and modeling of the PxIxIT and LxVP domains we show that the FMDVF motif bridges these two domains, and it is possible that calcineurin interaction with its substrate at the hyphal septum might involve both the PxIxIT and LxVP motifs. Future identification of the protein(s) involved in tethering calcineurin to the hyphal septum would reveal the exact nature of this interaction.
Materials and methods

Organism and culture conditions
A. fumigatus wild-type strain akuB KU80 was used and grown on glucose minimal medium (GMM) at 37°C [28] .
All growth experiments were repeated three times, each in triplicate and data presented as mean AE standard deviation. Escherichia coli DH5a competent cells were used for subcloning.
Construction of calcineurin A mutations in Aspergillus fumigatus
Site-directed mutagenesis of the FMDVF motif residues was performed using primers in Table S1 and the pUCGHcnaA plasmid [21, 22] as template. Briefly, in the first PCR, two fragments were amplified using complementary primers (with respective mutation) overlapping the cnaA region to be mutated and the respective primers at the N and C-terminus of the cnaA. No stop codon was introduced at C-terminal end of cnaA to facilitate expression of egfp fusion. Next, fusion PCR was done using equi-proportional mixture of the two PCR fragments as templates and the final cnaA mutated PCR fragment of 1674 bp was amplified with primers GCNA-F2 and GCNA-R-Bam at the N and C-terminal of cnaA (Table S1 ). Mutated cnaA fragments were digested with BamHI and cloned into the pUCGH-CnaApromo-CnaAterm plasmid harboring the 778 bp cnaA promoter and 386 bp cnaA terminator to facilitate homologous integration. Mutated cnaA genes were sequenced (primers in Table S2 ) to confirm the mutation and linearized with XbaI and HindIII for homologous integration. Linearized constructs were transformed into ) as described [1] . Transformants were verified for homologous integration by PCR and fluorescent microscopy. Recombinant strains were sequenced to confirm cnaA mutation (primers in Table S2 ). Site-directed mutagenesis of CnaA residues close to the FMDVF motif, Asn367 to Asp (N367D), Trp374 to Leu (W374L), and Ser375 to Thr (S375T) was performed as described for FMDVF mutations (primers in Table S1 ).
Protein extraction and Western analysis
A. fumigatus recombinant strains expressing respective mutated forms of CnaA-EGFP fusion protein were cultured in GMM liquid medium at 200 rpm for 24 h at 37°C. Crude extracts were prepared as described [22] . Approximately 50 lg of protein electrophoresed on a 12% SDS-polyacrylamide gel was transferred onto a polyvinylidene difluoride membrane (PVDF; Bio-Rad) and probed with rabbit polyclonal The TM anti-GFP primary antibody (1 lgÁmL
À1
; GenScript, Piscataway, NJ, USA) and peroxidase-labeled rabbit anti-IgG (1 : 5000; Rockland, Limerick, PA, USA) secondary antibody. Detection used SuperSignal West Pico chemiluminescent substrate (Thermo Scientific, Grand Island, NY, USA).
Microscopy
Conidia (10 4 ) from the recombinant strains of A. fumigatus were inoculated into 5 mL GMM medium and poured over a sterile coverslip (22 9 60 mm; No.1) placed in a sterile dish (60 9 15 mm). Cultures grown for 18-20 h at 37°C were observed by fluorescence microscopy using an Axioskop 2 plus microscope (Carl Zeiss, Jena, Germany) equipped with AXIOVISION 4.6 imaging software (Carl Zeiss). Each experiment was repeated three times and 100 septa were counted to assess CnaA localization.
Molecular modeling the FMDVF motif in calcineurin A
To glean direct insights into the structural role that the FMDVF motif plays with respect to the LxVP and PxIxIT motifs in protein-substrate binding and communication, the sequence of calcineurin from A. fumigatus was threaded onto the crystal structure of calcineurin complexed with the African swine fever virus protein A238L (Protein Data Bank ID: 4F0Z) using the PHYRE server. Although a homology model was generated, the sequence conservation of the functional motifs investigated in this study is identical, and surrounding regions are highly conserved. Analysis of the functional motifs was carried out using a combination of the threaded A. fumigatus homology model as well as superimposing the previously reported crystal structures of human calcineurin bound to the viral peptide regulator and bovine calcineurin in complex with the immunosuppressant inhibitor FK506 (PDB ID 4F0Z and 1TCO, respectively) using COOT. Structure and cartoon illustrations were generated using PYMOL and Adobe Illustrator and Photoshop.
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